ABSTRACT
INTRODUCTION
Power system transfer capability refers to the ability of interconnected electric networks to deliver or transfer bulk electrical power from one area to another over all connecting transmission interfaces under specified system conditions. In 1996, North American Electric Reliability Council (NERC) defined Total Transfer Capability (TTC) as the total or maximal amount of electrical power that can be transferred over interconnected networks in a reliable manner under a specific set of pre-and post-contingency conditions. Available Transfer Capability (ATC) is then defined as the measure of the transfer capability remaining in the network for further commercial activity over and above already committed uses [1] .
In the present Australian National Electricity Market (NEM), bulk electrical power transfers between the interconnected regional markets are necessary for both economic and reliability purposes. Network interconnections have facilitated the trading of electrical power between regional markets which not only can reduce the overall cost of electricity to end-use consumers, but also enhance overall system security and reliability. As a result, power system engineers are keen to quantify ATC/TTC information needed for bulk power transactions during system operations, and also for transmission expansion planning.
Due to an obvious incentive in which accurate ATC/TTC information will lead to much more efficient system operations whereby network resources will be optimally deployed; development of ATC/TTC techniques have been evolving actively in recent years. Many different methodologies have been applied for transfer capability studies and popular methods include: repeated power flow (RPF) [2, 3] ; continuation power flow (CPF) [4] [5] [6] [7] ; optimal power flow (OPF) [8, 9] ; DC load flow utilizing linear sensitivity factors [10] ; and also some probabilistic approaches etc [11, 12] .
Although numerous techniques have been developed and utilized today, they often neglect important economic issues, such as poolco type market settlement prices etc, when evaluating power transfer levels; which can and should play a significant role in ATC/TTC computation. The objective of this paper is to discuss and introduce the impacts of economic issues during transfer capability assessments; and most importantly, to employ an improved MOOP technique compared to the one used in previous work done in [13] . This paper is organized as follows: Section 2 discusses the need for consideration of economic issues when quantifying transfer capability; Section 3 and 4 formulate a multi-objective optimization model for transfer capability studies; Section 5 presents results and discussions on several test systems scenarios.
ECONOMIC ISSUES
Economic efficiency reasons have seen major market restructuring in many countries, which is believed to improve operation efficiencies and end-use consumers' benefits; however it does complicates the usual power system planning and operation procedures [14] .
In these economic-driven electricity markets, transfer capability is no longer bounded solely by system operating limits and security limits; but also hugely affected by regional markets settlement prices. Hence, it is only rational and beneficial to include market settlement issues in future transfer capability studies. This is exceptionally critical for interconnection planning studies, as building new interconnectors of inappropriate transmission capacities, for example a capacity of TTC, could lead to astronomical capital investment losses.
Electricity pricing in interconnected regional pool markets in the NEM are based on the well-known system marginal price (SMP) single auction model; and at times demand diversity in different regions has caused electricity prices to differ notably. This eventually leads to an emerging trend of constructing new interconnections to encourage inter-regional trading of electrical power, which theoretically enhances operation efficiency, system reliability as well as social welfare and benefits. In such a highly competitive and constrained environment, quantifying transfer capability therefore becomes a key issue in both operations and planning procedures [8] .
Import and export of electrical power between regions has directly disrupted the usual market dispatching solutions and vice versa; thus leading to variation of the overall cost of electricity to end-use consumers. It must also be noted that systems might not always operate at the least-cost solutions due to certain security and reliability issues, as traditionally security issues overrides economic considerations [15] .
An initial concept, namely economic constrained transfer capability (ETC) problem, has been introduced and developed to address these economic issues into conventional transfer capability studies [13] . Solving ETC problems will allow clearer visualization of interarea active power transfer levels with the influence of MCPs of SMP-based pool markets. It can be a useful tool for market operators and system planners to properly assess power transfer levels prior to online generation dispatches and for interconnection studies respectively.
In this paper, only the popular SMP-based single auction pool market model is considered, whereby the dispatching objective is aimed to maximize the overall social welfare and benefits during market settlements.
Using this market settlement model, generator companies' (gencos) bids are stacked in an increasing order of bid prices; and MCP is then determined by the intersection of the highest priced genco's bid and the system load demand as shown in Figure 1 [14] .
From Figure 1 , the market operator seeks to minimize total gencos' costs, which is effectively maximization of the social welfare denoted by the shaded area; assuming all gencos bid at their true marginal costs. This is relatively realistic as the SMP model actually encourages gencos to bid at their marginal costs. The SMP-based dispatching mechanism should then generate equivalent results as a traditional cost-oriented Economic Load Dispatching (ELD) does, i.e. the least-cost dispatching solution should be achieved from the ideal pool market settlements [14] . 
MATHEMATICAL FORMULATION
The ETC concept in [13] has two conflicting objectives in a MOOP setup, which produces more than one paretooptimal solution. The first objective is basically the conventional TTC formulation that maximizes active power transfers between the source area and the sink area. Thus objective 1 f can be expressed as follows [8] :
where objective 1 f represents the total active power transfers between two interconnected areas; k denotes buses not in the sink area and m denotes buses in the sink area; and km P represents the active power transfer from bus k to bus m .
To include the impacts of market dispatching solutions on power transfer levels (objective 1 f ), the single auction SMP-based market clearing mechanism is adopted as the second optimization objective. For simplicity it is assumed that the market settlement mechanism utilized here is equivalent to the conventional ELD formulation as mentioned in Section 2, and thus objective 2 f can then be derived from Figure 1 as follows [14] :
where objective 2 f represents the total gencos' costs as illustrated in Figure 1 .; minimizing of 2 f is similar to maximizing overall social welfare from trading (assuming that all gencos' bid prices are at their true marginal costs); i C refers to genco i 's bid price whereas n C is the last accepted genco's bid price; 1
are gencos' energy/quantity bids whereas n B is the last accepted genco's energy bid; D is the system load demand; and n is the total number of accepted gencos' bids [14] .
Generally in such a combination of conflicting objectives 1 f and 2 f , a set of multiple pareto-optimal solutions exists which denotes the relationship between them. The knowledge of such optimal solutions may assist easy comparison of objectives involved, and therefore able to assist on deciding a compromised optimal solution depending on preferences [16] .
For simplicity, neither the unit commitment problem nor demand side participation of SMP-based market is being considered in this current approach. Note that in this formulation, it has been assumed that the system can be centrally dispatched since the authors in [17] demonstrated that solving a multi-area OPF in a coordinated but decentralized fashion produces identical solutions as a centralized one.
The above resulting ETC problem, as seen from Eqn. (1) and (2), is then subjected to the following system and operating limits:
where Eqn. (3) - (4) Eqn. (5) - (6) represent active and reactive power generation limits; Eqn. (7) - (8) stands for the thermal limits and voltage limits respectively. Eqn. (9) can be any advanced stability limits or even reliability limits necessary for transfer capability evaluation. Note that Eqn. (9) has been omitted in this work but can be easily included into the above formulation. However by solving the above constrained optimization problem, it is assumed here that the apparent power flows in transmission lines; bus voltages and angles are within acceptable limits indicating that the system is at least steady-state secure.
MULTI-OBJECTIVE OPTIMIZATION

WEIGHTED-SUM METHOD
The ETC concept in [13] utilizes the classical weightedsum approach to handle the two objectives defined previously in Section 3 Eqn. (1) and (2) . A composite objective F can be derived by simply adding up the two objectives 1 f and 2 f , and the proposed ETC problem can then be formulated as follows [16] :
where 1 f and 2 f are basically the same objectives defined earlier in Section 3 Eqn. (1) and (2); x is the solution vector of n optimization variables representing
is a weighting factor assigned to denote the optimization emphasis on objectives 1 f and 2 f ; and note that objective 2 f is made negative to illustrate it as a minimization problem.
(5) -(9).
The weighted-sum approach is chosen initially in [13] due to the ease of implementation; however there are major drawbacks that may affect the final solutions negatively. Due to the fact that by adding both objectives 1 f and 2 f of different units and magnitudes during the optimization process, proper normalization of these objectives and weights assignments becomes exceptionally critical to obtain more precise solutions [16] .
Furthermore this weighted-sum approach cannot locate solutions in nonconvex and discrete objective spaces; hence solutions obtained in [13] might not be the true pareto-optimal sets [16] . Though this approach does guarantees pareto-optimal solutions on convex objectives spaces, but the uncertainties involved in power system operations may introduce uncertainties in the nature of the resulting objective spaces [16] .
4.2.
ε ε ε ε-CONSTRAINT METHOD
The aim of this paper is to enhance the solution methodology which addresses the major drawbacks of the weighted-sum approach as discussed in the previous section. A superior MOOP technique, namely the ε-constraint method, is being employed in this paper which is capable of identifying true pareto-optimal region irregardless of whether the objective space is convex, nonconvex or even discrete [16] .
The ε-constraint method retains one of the problem objectives, while restricting the rest of the objectives within user-defined values. In this application, objective 1 f is retained and the ETC problem results in a typical nonlinear single-objective optimization problem, which can then be expressed as follows [16] : (13) where Eqn. (13) 
RESULTS AND DISCUSSIONS
To study the ETC problem, the newly-developed ε-constraint MOOP technique is being tested on several case studies, revealing interesting relationships between market dispatching solutions and active power transfer levels. Simulations are firstly demonstrated on a simple 9-bus system, before solving for a large-scale IEEE 118-bus system.
3-MACHINE 9-BUS TEST SYSTEM
Figure 2: 3-machine 9-bus system
A 3-machine 9-bus system from [18] , is divided into 2 areas as shown in Figure 2 , consists of 2 tielines (line 5-6 and 4-9). Figure 3 shows the solutions from the weighted-sum approach employed in [13] . These two plots (Figures 3-1 and 3-2) have been included here for comparison of solutions from the two MOOP methods. It should be noted that Figure 3 has been re-scaled and re-plotted from [13] to allow easier comparison of solutions in this paper.
WEIGHTED-SUM METHOD
As mentioned earlier, the weighted-sum approach requires proper normalization of the objectives involved, especially in this application whereby both objectives 1 f and 2 f have entirely different magnitudes and units. Hence due to both normalization difficulties and weighting accuracies used for previous simulations in [13] , this approach identified lesser solution points as compared to the newly-developed ε-constraint technique (Figure 4 ).
It should be noted that more precise results can be obtained with better normalization and weighting accuracies used in Eqn. (10) . However, simulations using the weighted-sum approach have not been re-run as this is beyond the scope of this paper. Due to the limitations of the weighted-sum approach, re-run solutions with improved normalization and weights assignments should also follow the convex objective space characteristics as depicted by Figure 3 . 
ε ε ε ε-CONSTRAINT METHOD
Before applying the newly-developed ε-constraint MOOP technique, the m ε vector defining the upper bounds of objective 2 f , which is the SMP-based market clearing mechanism, must be chosen appropriately in order to obtain much more precise solutions [16] . The minimum value of m ε can be easily obtained by any ordinary ELD algorithms; whereas the approximate maximum value of m ε can be derived from any deterministic TTC approaches. The proposed technique is then applied to solve the ETC problems for both Area 1 to 2 and Area 2 to 1 active power transfers, and it is capable of plotting true paretooptimal front solutions for both ETC problems. Figures  4-1 and 4-2 show the pareto-optimal front solutions determined by the proposed method for power transfers between Area 1 to 2, and Area 2 to 1 respectively. As this is a max-min problem, the entire search space lies below the pareto-optimal front [16] . It should be noted that both objectives have been re-scaled accordingly only for plotting purposes.
Although the studies done using the simple weightedsum approach on the same 9-bus system in [13] produces equivalent characteristics as shown in Figures 3 and 4 ; this approach can have solution difficulties with nonconvex and discrete objective spaces as mentioned earlier [16] . It is well-known that power systems have highly nonlinear characteristics, due to different physical network topologies, line and transformer characteristics, load and generation distributions etc, which introduce uncertainties to the nature of the resulting objective spaces. Hence this paper sought to enhance the solution methodology of the ETC concept proposed in [13] to locate true pareto-optimal regions.
From both Figures 4-1 and 4-2 , one can observe that power transfer levels and market dispatching solutions affect each other directly and significantly. These plots allow easy comparison of both objectives 1 f and 2 f in the entire pareto-optimal set, thus they are able to assist on deciding a compromised optimal solution depending on preferences [16] .
By comparing these two plots (Figures 4-1 and 4-2) carefully, it can be observed that Area 1 to 2 transfers (Figure 4-1) are more constrained by objective 2 f . The fact is that the overall cost of electricity in Area 1 is more expensive than in Area 2, thus Area 2 does not require much power import during normal operating conditions as compared to Area 1. Under these conditions, it is obviously more rational for Area 2 to export power to Area 1; preventive measures and emergencies are the only motivations for Area 2 to import power.
IEEE 118-BUS TEST SYSTEM
The IEEE 118-bus system from [19] is considerably a large-scale test system, which consists of 54 generators and over 180 branches. To facilitate our analyses, this system is divided into 3 areas with 8 interconnections as shown in Figure 5 . Each area has about 35 to 40 buses and 15 to 20 generators. Similar to the previous case studies, with an appropriate m ε vector, the proposed ε-constraint method is then applied to investigate active power transfer levels between Area 1 to 2 and Area 1 to 3. . This is most likely caused by one or more system or operating limits are met with increasing power transfers. In this situation, one can utilized our concept to get the best trade-off between both objectives 1 f and 2 f . For example, if the active power transfer level from Area 1 to 2 is to be maintained at The transfer case depicted by Figure 6 -1 is a good example which indicates that it can be beneficial for market operators and planners to cautiously study these plots prior to online dispatches and for interconnection planning studies, in a bid to operate power systems as efficient as possible. Market operators can choose any feasible operating points in the entire pareto-optimal set, depending on preferences for whatever reasons they are more concerned about prior to dispatching. Our concept enables market operators to have a clear illustration of the resulting objective space and possible operating points; and hence they can determine the best trade-off between both objectives 1 f and 2 f based on their priorities.
Likewise, deciding an appropriate transmission capacity is one of the key tasks when planning for a newlyproposed interconnector. As a matter of fact, constructing an interconnector of impractical transmission capacities might result in huge investment losses; thus solving ETC problems can help visualizing more practical and feasible transfer levels based on single auction SMP pool markets conditions. Figure 6 -2 shows similar relationships between both objectives as previous case studies while solving for Area 1 to 3 active power transfers. It should be understood that every transfer case and scenario virtually has rather unique objective spaces as seen from Figures 4 and 6. This is due to the complexity and nonlinearity characteristics of power systems as mentioned earlier. Therefore without our ETC concept, one could not easily visualize the actual objective spaces when evaluating transfer capability in such a highly competitive and constrained market environment.
It should be noted that although all the case studies presented in this paper do not exhibit any nonconvex or discrete objectives spaces, there still exists some uncertainties on the nature of the resulting objective spaces due to the nonlinearity of power systems. Hence, the newly-developed ε-constraint MOOP technique is practically more suitable and preferred.
CONCLUSIONS
Conventional ATC/TTC techniques emphasize on maximizing active power transfers across the studied transmission interfaces. These techniques usually neglect economic considerations during ATC/TTC computation. The ETC problem was firstly introduced in [13] proposed an initial concept to account for economic issues during ATC/TTC assessment in the present decentralized market. However due to some limitations of the MOOP methodology employed, the solutions in [13] might not be optimal.
The main aim of this paper is to adopt an improved MOOP methodology that seeks to improve solution accuracy compared to the one in [13] , in other words, to obtain true pareto-optimal solutions. Investigation of these optimal solutions can help market operators and system planners in the economic-driven electricity markets today to properly assess active power transfer levels between interconnected regions.
It has been shown in this paper that different transfer cases have rather distinct objective spaces and paretooptimal front sets. Thus without this ETC concept, one cannot easily visualize the unique resulting objective space involved in each different transfer case. It should be clear by now that the knowledge of such paretooptimal sets can assist decision making procedures for a compromised optimal solution based on preferences, and thus solution accuracy is of utmost importance.
One significant short-coming in this current approach is that it is assumed that the system under studied can be centrally dispatched. However this can be acceptable as the operation of multi-area power systems usually coincides with the system optimum. Future inclusion of power system security and stability limits into transfer capability studies will be necessary to ensure power flow solutions correspond to a secure operating point in the parameter space.
